Abstract During capital and/or maintenance dredging operations, large amounts of material are produced. Instead of their discharge, dredged sediments may be a valuable natural resource if not contaminated. One of the possible areas of application is civil engineering. In the present work, the environmental status of seaport dredged sediment was evaluated in order to investigate its potential applicability as a secondary raw material. Sediments were analysed for element concentrations in digested samples, aqueous extracts and fractions from sequential extraction; for fluoride, chloride and sulphate concentrations in aqueous extracts; and for tributyltin (TBT). Granulometric and mineralogical compositions were also analysed. The elemental impact was evaluated by calculation of the enrichment factors. The total element concentrations determined showed moderate contamination of the dredged sediments as was confirmed also by their moderate enrichment factors, presumably as a result of industrial and port activities. Elemental concentrations in the aqueous extract were very low and therefore do not represent any hazard for the environment. The water-soluble element concentrations were under the threshold levels set by the EU Directive on the landfill of waste, on the basis of which the applicability of dredged sediments in civil engineering is evaluated, while the content of chloride and sulphate were above the threshold levels. It was found out that due to the large amounts of sediment available, civil engineering applications such as the construction of embankments and backfilling is the most beneficial recycling solution at present.
Introduction
With increasing size, ships need improved navigation channels to enter and leave ports and harbours safely. Periodic maintenance dredging of sediments, as well as occasional enlarging and deepening of navigation channels, is therefore essential to keep maritime traffic operating efficiently. Depending on the quantity and quality (sediment composition, degree of contamination) of the dredged material, different options are available for its subsequent handling and management, such as beneficial reuse (beach replenishment, land reclamation, construction), disposal on land in licensed landfill sites or disposal at sea.
Dumping dredged marine sediment at sea was the most common practice for its removal (DelValls et al.
thermal treatment, bio-remediation, stabilisation by hydraulic binders, washing (Agostini et al. 2007 ) and beneficial reuse (e.g. manufacture of aggregates for construction, reuse as fine aggregates for road construction) of dredged marine sediments were investigated (Dang et al. 2013; Kamali et al. 2008; Limeira et al. 2010) . The use of dredged marine sediments is possible when such material possesses technical characteristics appropriate for its specific utilisation and is environmentally acceptable. The main obstacles to the use of dredged marine sediments as secondary raw material are their salinity and potential contamination.
Dredging and management of contaminated sediments are covered by a number of international conventions, which set up a specific framework used as a basis for European Union (EU) and national strategies. International conventions that define the regulatory framework for dredging are the London Convention (1972) , the Protocol to the London Convention (IMO 1996 (IMO , 2007 (IMO , 2009 , the Convention for the protection of the Mediterranean Sea against Pollution-Barcelona Convention (UNEP-MAP 1995a), the Convention for the Protection of the Marine Environment of the NorthEast Atlantic (OSPAR 1992) and the Convention on the Protection of the Marine Environment of the Baltic Sea Area-Helsinki Convention (HELCOM 1992) . European legislation does not deal specifically with dredged materials. In the former Waste Framework Directive (WFD) (Council Directive 75/442/EC), dredged material was classified as waste, but this was changed in the new WFD (Council Directive 2008/98/ EC) , where the non-hazardous dredged material is excluded from the Directive's scope. To our knowledge, there are no specific EU documents that define the handling of dredged material. In Slovenia, as in some other EU countries, the parameter on which the applicability of dredged material in civil engineering is evaluated is the content of As, Ba, Cd, Cr, Cu, Hg, Mo, Ni, Pb, Sb, Se, Zn, chlorides, fluorides and sulphates in the water extract obtained after 24 h of shaking the solid material with water (SIST EN 1744-3). The chemical parameters must be under the threshold levels for inert waste as defined by the Slovenian Decree on landfill of waste (OJRS 61/2011) that is derived from the EU Directive on the landfill of waste (Council Directive 1999/31/EC).
The Port of Koper (Slovenia, SW Europe) ( Fig. 1) is one of the biggest and the most important ports in the Northern Adriatic Sea, and it is primarily transit-oriented. It is a multi-purpose port with two piers, 26 berths and 12 specialised terminals. One of its main problems is related to the constant accumulation of marine sediments inside different parts of the port, which result in disturbances in some of the Port's crucial operational properties. A total of 80,000 m 3 of sediment have to be removed annually. This sediment is a mixture of clay and silt and represents a waste for which there is insufficient disposal space along the limited Slovenian coast. Therefore, new solutions for this material that are in accordance with national environmental and technical legislation must be found. The aim of the present paper was to focus on the chemical characterisation of dredged sediments from the three basins in the Port of Koper. The level of sediment contamination was evaluated on the basis of the total concentrations of the elements listed in the Decree on the landfill of waste (OJRS 61/2011) and tributyltin (TBT). Since the data on total element concentrations is not an adequate indicator of element toxicity and bioavailability, the partitioning of elements in the sediment was studied by the use of sequential extraction procedures. The environmental impact was additionally evaluated by calculation of the enrichment factors and by comparison of the element concentration data with the relevant sediment quality guidelines. On the basis of the outcome of the present study, the use of dredged sediments in civil engineering will be further considered from the environmental point of view.
Materials and methods

Instrumentation
A CEM Corporation (Matthews, NC, USA) CEM Mars 5 Microwave Acceleration Reaction System was used for digestion of the sediments. Element concentrations in digested samples, aqueous extracts and fractions from sequential extraction were determined by inductively coupled plasma mass spectrometry (ICP-MS) on an Agilent (Tokyo, Japan) 7700x ICP-MS at optimal measurement conditions (Zalar Serjun et al. 2015) .
Organotin compound (OTC) determination was carried out on an Agilent 6890 gas chromatograph (GC; Agilent Technologies, Santa Clara, CA, USA) equipped with an Agilent 6890 Series Autosampler Injector. A GC was coupled to an Agilent 7700x ICP-MS via a heated transfer line and fitted with a 15 m × 0.25-mm DB-5MS capillary column (film thickness 0.25 μm) coated with 5 % phenylmethylpolysiloxane (Agilent J&W Scientific, Palo Alto, CA, USA). Control and operation of the coupled system were performed using Agilent MassHunter software.
For the separation of OTCs, the following GC temperature programme was applied: for the first 0.5 min, the column temperature was held at 80°C, then raised to 200°C at a heating rate of 25°C min −1 and held there for 0.5 min, then raised to 220°C at a heating rate of 40°C min −1 and, in a final step, raised to 280°C at a heating rate of 40°C min −1 and held at this temperature for 3 min (Peeters et al. 2014 Sartorius (Goetingen, Germany) 0.45-μm cellulose nitrate membrane filters of 25 mm diameter were used in the filtration procedure.
Sampling and sample preparation
After hydraulic dredging by sucking a mixture of mud and water from the sea bottom, the material was transferred to three temporary lagoons, designated as lagoons B1, B2 and B3, which are located inside the port area, and where a sedimentation process starts. Due to the low permeability of the sediment and the fact that the desiccation and consolidation processes inside the lagoons are very slow, this dredged mud retains its plastic consistency for several months. Sampling of mud was carried out in each lagoon separately. Ten sub-samples were taken from the mud in each lagoon with the help of a corer and then blended together and homogenised into batch samples typically of approximately 30 kg each. After transfer to the laboratory, the samples were dried at 40°C to constant mass and then further subdivided for chemical analysis. The results for B1, B2 and B3 presented through the paper are the average of 10 individually analysed sub-samples.
Additionally, a sediment sample was taken in an unaffected area (reference point) of the Slovenian part of the NE Adriatic Sea. This sampling point was in the area of the marine nature reserve in the Bay of Strunjan.
Determination of granulometric composition
The particle size distribution of the sediment was determined by a combination of dry sieving (particles >400 μm), according to SIST EN 933-1 (2012) , and laser diffraction analysis (<400 μm) in isopropanol, using a CILAS 920 laser (Cilas, Orléans, France).
Determination of mineralogical composition
The mineral composition was determined by X-ray powder diffraction (XRD), using a PANalytical (Almelo, Netherlands) Empyrean diffractometer in conventional Bragg-Brentano geometry. CuKα X-rays were generated using 40-mA and 45-kV operating conditions. The diffraction pattern was measured over the angular range from 5 to 70°2θ, with a step size of 0.026°2 θ and time per step of 200 s. Prior to the XRD analysis, the representative sample of a specimen was milled in an agate mortar to a particle size of less than 50 μm.
Determination of total element concentrations
Approximately 0.25 g of dry sediment sample was weighed into a Teflon tube and subjected to microwave-assisted digestion using a mixture of nitric, hydrofluoric and hydrochloric acid, as described by Ščančar et al. (2007) . Elements in digested samples were determined by ICP-MS under optimal measurement conditions. Sequential extraction procedure A modified sequential extraction procedure originally developed by Tessier et al. (1979) was applied. To Tessier's original partitioning scheme, a pre-step of extraction with water was added in order to assess the extent of leaching of elements into the most mobile sediment fraction. A detailed description of the sequential extraction procedure applied was given by Milačič et al. (2012) . Briefly, the procedure consisted of six steps. In step I (F1), 2 g of sample was shaken with 20 mL of water. The information obtained in step I also enabled comparison of the data on leaching of elements and anions with the legislative requirements set by the Decree on the landfill of waste (OJRS 61/2011). In step II (F2), the extraction reagent was MgCl 2 . The element contents extracted in these two extraction steps represent the exchangeable forms present in the sediment. In step III (F3), NaCH 3 COO was used as extractant in order to release elements that are bound to carbonates. In step IV (F4), the extraction of elements bound to iron and manganese oxides was performed with NH 2 OH × HCl and CH 3 COOH. In step V (F5), elements bound to organic matter were extracted by a mixture of HNO 3 and H 2 O 2 . In step VI (F6), the elements present in the residue were determined after microwave-assisted acid digestion.
Determination of sulphate, chloride and fluoride anions
Concentrations of sulphate and chloride were determined by spectrophotometry. For sulphate, the USEPA SulfaVer 4 Method 8051 was applied, while for chloride determinations, the Mercuric Thiocyanate Method was applied. Fluoride concentrations were determined using fluoride ion selective electrode.
Determination of organotin compounds
Of the air-dried sediment sample, 0.5 g was extracted with 20 mL of glacial acetic acid by mechanical stirring for 16 h. The suspension was centrifuged for 15 min. The supernatant was then added to 20 mL of 1 M sodium acetate-acetic acid buffer (pH 5) and ethylated with 1 mL of 2 % (w/w) NaBEt 4 solution, as described by Milivojevič Nemanič et al. (2007) . The ethylated OTCs were extracted into 1 mL of isooctane and their concentrations determined by GC-ICP-MS.
Quality control of analytical data
To check the accuracy of the total element concentration determination by ICP-MS in extracts from the sequential extraction procedure, SPS-SW1 (Quality Control Material for Surface Water Analysis) was analysed. The accuracy of total element determination in sediments was checked by the analysis of the certified reference material CRM 320R (Trace Elements in Chanel Sediment), while for MBT, DBT and TBT determination, the certified reference material PACS 2 (Marine Sediments) was analysed. The results presented in Table 1 indicate good agreement between the determined and certified values, confirming the accuracy of the applied analytical procedures.
To check the accuracy of the sequential extraction, the concentrations of an element in each extraction step were summed and compared with the total element concentration (Table 2) . Since the mass balance agreed within ±5 %, these data confirmed the precision of the analytical work.
Results and discussion
Granulometric composition
The results of the particle size analysis showed that the majority of the grains had a dimension of less than 2 mm. The quantity of grains with size of 63 μm or less varied between 75 and 97 % by mass, more than 40 % by mass of particles smaller than 5 μm, and about 20 % by mass of particles are smaller than 2 μm.
Mineralogical composition
According to the XRD pattern (Fig. 2) , quartz, calcite, feldspar, illite/muscovite, dolomite, clinochlore, Ca- The result represents the mean ± standard deviation of three independent analyses a Indicative value montmorillonite and pyrite were the main mineral phases in the investigated sample. ), Cd (0.310-0.390 mg kg −1 ) and Ba (340-400 mg kg −1 ) in the sediments from the three basins (B1, B2 and B3) were the most elevated in comparison to the reference point (BS). In general, the highest total element concentrations were found in sediment B3. In order to estimate the partitioning of elements between the easily and sparingly soluble sediment fractions, a sequential extraction was performed. From  Fig. 3 , it can be seen that the highest element concentrations were found in the residual fraction, while in the easily soluble fractions (water-soluble and exchangeable fractions), the concentrations were low. The watersoluble concentrations of the studied trace elements (Table 3) in the dredged sediments from Port of Koper were generally lower than the threshold limits for inert waste in the Decree on landfill of waste (OJRS 61/2011). Considering anions, none of the three basins can be categorised as inert waste, since the concentrations of sulphate and chloride anions in the aqueous leachates are higher than the threshold limits (Table 3) . They can be considered as non-hazardous waste, and as such, they cannot be directly used as secondary raw material, but must be treated/remediated before further use.
Total concentrations and partitioning of elements in dredged sediments
Estimation of the origin of trace elements and evaluation of their environmental impact
To distinguish between the natural and anthropogenic origins of an element present in the sediment, it is recommended to normalise the obtained total elemental concentrations to the regional background values (Covelli and Fontolan 1997) . The most appropriate background value can be obtained from the analysis of mineralogically and texturally comparable, uncontaminated sediment from a nearby area or the deepest level of cores from the area of interest (Covelli and Fontolan 1997) . The choice of normalising element is not universal but depends on the study area and the anthropogenic loads that are involved. The most commonly used elements for normalisation are Al, which is one of the most important constituents of the aluminosilicate mineral fraction, and Li for normalisation of data from sediments derived mainly from the glacial erosion of crystalline rocks (Loring 1990) . Other elements that can be applied for normalisation are Fe, Cs Eu, Rb, Sc, Sm and Th. They can be used when their anthropological inputs are lower or equal to the natural levels (Covelli and Fontolan 1997) . For estimation of anthropogenic inputs, a non-dimensional enrichment factor (EF) was calculated by Eq. (1) (Covelli and Fontolan 1997) :
where X is the concentration of the potentially enriched element and Y is the element for normalisation. If EF >1, enrichment due to anthropogenic input with respect to the natural background could be hypothesised (Acquavita et al. 2010) . Furthermore, Cukrov et al. (2011) classified the sediments from Port of Rijeka by their EFs in 5°of contamination, where EF < 2 means deficiency to low enrichment, EF 2-5 moderate enrichment, EF 5-20 significant enrichment, EF 20-40 very high enrichment and EF >40 extremely high enrichment.
In the present study, background levels for the studied elements were determined in sediments from an unaffected area of the Slovenian part of the NE Adriatic Sea (the Bay of Strunjan) (Table 2), in the sediment fraction below 0.63 μm. Additionally, Fe, Al, Sc and Rb were determined in sediments B1, B2, B3 and BS as potential elements for normalisation (Table  2) . Al, Fe and Rb concentrations in the sediment from the reference point were lower than their concentrations in the dredged sediments, while Sc concentrations were constant in all sediments analysed.
In Fig. 3 , EFs obtained for Al, Fe, Sc and Rb as normalisation elements are presented. Although concentrations of Al, Fe and Rb were higher in the sediments from the Port than those at the reference site, indicating anthropogenic input of those elements, all four normalising elements gave comparable EFs for the elements investigated. As can be seen from Fig. 4 , EFs are in general higher than 1 for all the trace elements analysed, regardless of the used normalisation element. The highest EFs were determined for Se (from 3.8 to 7.8), followed by Mo (from 1.9 to 4.6), Cd (from 1.8 to 3.7), Sb (from 1.4 to 3.4) and Hg (from 0.72 to 2.8). EFs of other trace elements ranged between 1 and 2. Only the EFs for Pb and As in B1 were lower than 1. By the classification presented by Cukrov et al. (2011) , sediments are low to moderate contaminated. The EF data confirmed that most of the elements analysed in the dredged sediments were of anthropogenic origin, mostly from port activities.
Estimation of potential adverse toxic effects of the dredged sediments on the benthic community was assessed by the use of sediment quality guidelines (SQGs), since there is a lack of local toxicological data. In order to verify the environmental hazard, the total elemental concentrations were compared with values set by the Atlantic EU countries. From comparison of the data given in Tables 4 (SQG) and 2 (total element concentrations in dredged sediments), it can be seen that Cd and Pb concentrations determined in sediments B1, B2 and B3 were lower than the EU threshold levels. Total As, Cu, Hg and Zn concentrations from B1, B2 and B3 were in the range of the European action level 1, while Ni and Cr were in the range of action level 2. ). The TBT concentration in B1 was slightly higher than 10 μg kg −1 , the level which was found to cause no imposex effects in the marine snail H. reticulate, which is used as a bioindicator species of harbour pollution (Oehlmann et al. 2007 ).
Applicability of the seaport dredged sediments
Taking into account the above results, it is indicated that from the environmental point of view dredged sediments from the Port of Koper exhibit slight to moderate contamination in regard to elemental and TBT concentrations. Since these dredged sediments are of seaport origin, their levels of chlorides (naturally present from the sea) and sulphates (possible origin from the sea and contamination due to dry cargo loading, mostly coal) exceed currently valid regulations, so that their use as embankments in engineering applications is, at present, possible only within the area of the Port of Koper. The environment in the port area is brackish, therefore any leachates will not have adverse consequences. Moreover, due to the mineralogical composition, the fine grain size of the dredged mud and its high degree of compaction as well as its transport of water through such an embankment are expected to be relatively low, thus presenting an additional safety measure against pollution. Embankments and other engineering applications outside the area of the Port would be possible only if additional technologies are implemented to ensure the immobilisation of hazardous anions and complete impermeability of the structure.
With respect to the annual quantity of sediment as well as the results obtained from mechanical and Chloride 115 ± 10 8700 ± 400 12000 ± 600 800 15000
Fluoride 7.8 ± 0.4 9.5 ± 0.5 6.9 ± 0.3 10 250
Sulphate 1600 ± 100 5000 ± 300 4800 ± 250 1000 20000
All concentrations are expressed as milligrams per kilogram of dry mass Fig. 3 Partitioning of selected elements in dredged sediments from the three basins of the Port of Koper (B1, B2, B3). F1-water-soluble fraction; F2-exchangeable; F3-bound to carbonates; F4-bound to iron and manganese oxides; F5-bound to organic matter, F6-residual physical trials, only application in civil engineering in the form of embankments has been proven as economically feasible (still only the material, which was naturally dried over a period of time). The reason is that currently dredged sediment typically has high water content and low bearing capacity and is presently pumped as slurry into temporary lagoons, which are located inside the port area. In these lagoons, the sedimentation processes start, but due to low permeability and high osmotic suction, the desiccation and the consolidation processes inside the lagoons are very slow. As a consequence, the dredged sediment remains in liquid consistency for decades (Smolar et al. 2013 ). Due to the large amounts of sediment available, civil engineering applications such as the construction of embankments and backfilling are the most beneficial, rational, and economical recycling solution. Other applications, too, have been considered (e.g. brick making, utilisation in concrete), but they have some drawbacks. It was found out that the sediment is too wet to be suitable for the improvement with the additives. Moreover, the production is, at present, not economically feasible, and the market is still in depression.
Conclusions
Due to the potential leaching of pollutants from dredged sediments, their inappropriate handling or disposal may cause hazardous effects to terrestrial and aquatic ecosystems. In the present paper, the chemical characterisation of dredged sediments from three basins in the Port of Koper was performed. The main objective of the ) 20-100 50-400 characterisation was to evaluate the environmental status of the dredged sediments in order to determine whether they can be used as secondary materials in different areas of civil engineering. Based on total elemental concentrations and the EF data, it was demonstrated that the sediments from the three basins investigated are affected by port activities. Nevertheless, from the analysis of water-soluble element concentrations, it can be concluded that the dredged sediments can be used as a secondary raw material, since the element concentrations were lower than the threshold limits for inert waste of the Decree on the landfill of waste. The sequential extraction procedures revealed that the elements were distributed mostly in the residual, sparingly soluble sediment fraction, while in the most mobile water-soluble fraction only negligible concentrations were found. TBT concentrations were close to, or slightly higher than, the level, which was found to cause no imposex effects on the marine snail H. reticulate. The biggest problem for the reuse of dredged marine sediments is represented by the high concentrations of sulphate and chloride anions, which in the aqueous leachates substantially exceeded the threshold limit for inert waste of the Decree on the landfill of waste.
Due to the large amounts of sediment available, civil engineering applications are the most beneficial, rational and economic recycling solution; however, the dredged sediments must be kept inside the port area, where the environment is brackish, so that any leachates will not have adverse consequences for the environment.
